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The ability to keep track of time is perceived as crucial in most human societies.
However, to lose track of time may also serve an important social role, associated with
recreational purpose. To this end a number of social technologies are employed, some
of which may relate to a manipulation of time perception through a modulation of body
representation. Here, we investigated an influence of real-time or delayed videos of own-
body representations on time perception in an experimental setup with virtual mirrors.
Seventy participants were asked to either stay in the installation until they thought that
a defined time (90 s) had passed, or they were encouraged to stay in the installation as
long as they wanted and after exiting were asked to estimate the duration of their stay.
Results show that a modulation of body representation by time-delayed representations
of the mirror-video displays influenced time perception. Furthermore, these time-delayed
conditions were associated with a greater sense of arousal and intoxication. We suggest
that feeding in references to the immediate past into working memory could be the
underlying mental mechanism mediating the observed modulation of time perception.
We argue that such an influence on time perception would probably not only be achieved
visually, but might also work with acoustic references to the immediate past (e.g., with
music).
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Introduction
Body representation and sense of time in humans seem to be closely related. Previous research
showed that several physiological parameters such as heart rate (Wittmann, 2013) and body tem-
perature (Wearden and Penton-Voak, 1995) modulate the way we perceive time. Also, the mental
representation of one’s own body, the body schema, seems to play an inﬂuential role in the subjec-
tive perception of time. Body schema has been deﬁned as the “mental construct that comprises the
sense impressions, perceptions, and ideas about the dynamic organization of one’s own body and its
relations to that of other bodies” (Berlucchi and Aglioti, 1997). The perception of body schema can
be modiﬁed by a variety of means (Holmes and Spence, 2006). An established method to achieve
this is in an experimental setting where visual feedback is presented via mirrors or video monitors
(Holmes and Spence, 2004; Bernardi et al., 2013).
Such manipulations of body schema can be employed to create proprioceptive/sensory changes
and illusions such as, for example, the rubber hand illusion (Holmes and Spence, 2007), and out-
of-body experiences (Lenggenhager et al., 2007). A manipulation of body schema, however, also
seems to relate to recreational experiences that are associated with an altered perception of time.
For example, the consumption of cannabis has been shown to aﬀect both bodily representation
Frontiers in Psychology | www.frontiersin.org 1 April 2015 | Volume 6 | Article 405
Fritz et al. Distorted time perception
and sense of time (Edelmann and Terbuyken, 2002; Atakan et al.,
2012). Methods not related to intoxication, such as meditating,
that employ changes in the monitoring of body schema have
also been shown to have—among other psychological eﬀects—an
eﬀect on the perception of time (Berkovich-Ohana et al., 2013).
Likewise, the subjective experience of ﬂow (a psychological state
associated with high motivation and either motor or cognitive
challenge) that often corresponds to a change in bodily experi-
ence appears to be associated with a modiﬁed perception of time
(cf. Jackson and Csikszentmihaly, 1999).
Further evidence for a relation of body schema and time
perception derives from schizophrenia research. Schizophrenia
patients, who have been found to display a diﬀerent body repre-
sentation schema (Thakkar et al., 2011), showed greater variabil-
ity with regard to their performance in a timing task and impaired
ability to estimate time (Peterburs et al., 2013; Bolbecker et al.,
2014).
Taken together, previous ﬁndings strongly suggest an associ-
ation of one’s own body representation and one’s perception of
time, so that a modulation of own body representation might
aﬀect the ability to accurately estimate time. In order to fur-
ther investigate this relationship, we designed an experiment in
which we manipulated bodily representations via delayed and
non-delayed virtual mirrors. Because variables such as sex and
age have been shown in the past to be associated with the per-
ception of time, they were assessed to identify possible inﬂuences
as well as moderator or mediator eﬀects (Perbal et al., 2002;
Glicksohn and Hadad, 2012).
Materials and Methods
Participants
Seventy individuals (39 females, age 30.01± 14.21, range: 11–67)
took part in the experiment. Required minimal age to take part
in the study was 10 years. Participants gave their written consent
and did not receive any compensation.
Procedure
Each participant was randomly assigned to one of four groups.
There were two experimental groups (aware delayed and non-
aware delayed) and two control groups (aware not delayed and
non-aware not delayed). We used a 2x2 design with delayed
videos vs. non-delayed videos of body representations as one
factor, and time-awareness vs. no time-awareness1 as the other.
In both the delay conditions, participants were presented with
visual delayed videos of themselves, while in the two non-delayed
groups videos were shown in real-time. Individuals were addi-
tionally assigned to one of the two “time-awareness” conditions
(aware delay: n = 19; aware no delay: n = 20). In the aware-
ness conditions they were instructed to enter the installation and
return after they assumed 90 s to be over. Participants in the “no
1Note that “time awareness” should be understood as relative to the non-awareness
conditions, i.e., pointing to increased attention dedicated to time by participants
compared to participants assigned to the no time-awareness conditions. This is due
to the fact that we did not employ a control task that made sure that participants
were constantly focusing on the passage of time in the time-awareness conditions.
time-awareness” conditions (not aware delay: n = 16; not aware
no delay: n = 15) were asked to enter the installation and stay
there as long as they wanted. Prior to the experiment participants
were instructed to ﬁll out a questionnaire that also included con-
structs such as Situational Self-Awareness, Attentional Resource
Allocation, Time Perspective, and Impulsiveness. Because the
current paper aims to focus on a relation of body representa-
tion and time perception, results of these measurements are not
reported here. Afterward, participants were asked to leave their
timekeepers (i.e., cell phones, watches) with the experimenter
for the duration of their stay in the experimental installation
(Figure 1), allegedly in order to avoid distraction.
How long each participant stayed in the installation was unob-
trusively measured by the experimenter. All participants received
a post-experimental questionnaire including measures of arousal,
perceived intoxication, subjective experience of changes in time,
and several other scales not relevant to the current study, as well
as some demographic questions.
A video signal was recorded by a camera installed above one
of the eight video screens. This signal was then transferred to a
media-server computer. A software (Wings Vioso, Duesseldorf,
Germany) allowed to systematically delay the video signal and
output eight diﬀerent delayed versions (1–4 s) of the video signal
during the delay condition. Groups of two outputs were trans-
mitted to one of four beamers that projected the video signals on
back projection screens (one on each of two screens), so that the
participants could see the eight diﬀerent visual presentations on
all eight screens without artifacts (e.g., shadows).
Data Analysis
Estimation error was computed in the awareness conditions as
the measured duration of stay in the installation minus 90 s and
in the no awareness conditions as the measured duration of stay
minus the estimate of duration of stay by participants. Similar
to previous research on human time estimation or production,
we used absolute estimation error as an indicator of magnitude
of estimation error, which is irrespective of its direction (Pastor
et al., 1992; Rammsayer, 1997; Barkley et al., 2001a,b; Kerns et al.,
2001). Further, following the procedures of Bauermeister et al.
(2005), we applied logarithmic transformation on absolute esti-
mation errors, i.e., estimation error plus 1 was computed and
log-transformed, to reduce skewness of our data and to bring the
raw absolute values more in line with the assumptions of para-
metric statistics. Because it was not possible to directly investigate
diﬀerences between signed estimation errors due to properties of
data distribution, we computed transformed signed estimation
errors by adding the highest negative estimation error (195 s) to
get positive values. In order to reach a normal distribution these
values were squared afterwards. In order to compute eﬀects on
the direction of estimation errors, estimation errors greater than
0 s were coded as an overestimation of duration, and an error
below 0 s was coded as an underestimation of duration.
The variables age and duration of stay were split into two sec-
tions by their median, i.e., younger vs. older age and long vs.
short duration of stay. The cut-oﬀ for high vs. low arousal was
deﬁned as the value of three on the administered 6-point scale.
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FIGURE 1 | Experimental installation “Kaleidoscope of Time.” The participant enters the installation through a small staircase and stands on a tower, where
eight video screens are visible that show video recordings/representations of him/her. Beamers projecting the video signals on back projection screens were
positioned on the four columns in the periphery of the installation.
Parametric computations (i.e., ANOVA, independent samples t-
test) were used when requirements were met by the data. If basic
assumptions were violated, non-parametric computations (i.e.,




Experienced arousal was measured by means of the one-item Felt
Arousal Scale (FAS; Svebak and Murgatroyd, 1985). Participants
had to indicate their arousal on a 6-point scale with 1 indicating
“low arousal” and six indicating “high arousal.” This measure of
arousal or activation was found to correlate with other arousal
scales ranging from 0.45 to 0.70, and thus showed convergent
validity (Sheppard and Parﬁtt, 2008).
Intoxication
Participants indicated their perception of intoxication assessed
by the question “Wie ‘berauscht’ fühlen Sie sich im Moment?”
(“How ‘intoxicated’ do you feel at the moment?”) on a 4-point
Likert scale with 1 indicating “not at all” and four indicating “very
much.”
Subjective Changes in Sense of Time
Subjectively experienced changes in sense of time were assessed
by the subdimension of “time sense” of the Phenomenology
of Consciousness Inventory (PCI; Pekala et al., 1986). The
overall measure was shown to have suﬃcient reliability and
validity for assessing changes in phenomenological experience
(Pekala et al., 1986). The subdimension used in this study
consists of three items, each comprising two opposing state-
ments. Participants rated the statements on a 5-point scale,
indicating with which of the two statements they agreed more,
e.g., a rating of three indicating equal agreement with both
statements. Sample item: “Time seemed to greatly speed up
or slow down” vs. “Time was experienced with no changes
in its rate of passage.” In our study, Cronbach’s alpha was
α = 0.83.
Other Outcomes and Controls
The experiences of feeling detached from one’s body and of “sink-
ing into pictures” were assessed by single items constructed for
the purpose of this study. These items were rated on a 4-point
Likert scale ranging from “not at all” to “completely.” For the
assessment of subjectively experienced waste of time the item “In
your honest opinion, do you think this survey was a waste of
time?” was used (O’Brien et al., 2011). In addition, participants
in the time-awareness conditions were asked if they used count-
ing to estimate time correctly. Finally, data on age and sex were
collected.
Results
We constructed a general linear model (GLM), including the
variables group, duration of stay (long vs. short), age (younger
vs. older) and sex. In addition, we modeled interactions between
sex × group, age × group, and duration of stay × group. Group
was found to have a signiﬁcant eﬀect on log-transformed esti-
mation error, F(3,53) = 3.36, p = 0.025, η2 = 0.160. Moreover,
a signiﬁcant interaction existed between duration of stay and
group, F(3,53) = 4.67, p = 0.006, η2 = 0.209. No signiﬁcant
main eﬀects were observed for sex, F(1,53) = 3.13, p = 0.083,
η2 = 0.056, duration of stay, F(1,53) = 0.08, p = 0.781, and age,
F(1,53) = 0.05, p = 0.831. Further no signiﬁcant interactions
existed between sex and group, F(3,53) = 1.20, p = 0.319 or age
and group, F(3,53)= 0.83, p= 0.485. The overall corrected model
accounted for 42.8% of variance, F(15,53) = 2.65, p = 0.005 (for
mean and standard deviation see Table 1).
Due to the non-normality of data, W(69) = 0.945, p = 0.005,
and inhomogeneity of variances, no ANOVA or Kruskal–Wallis
Frontiers in Psychology | www.frontiersin.org 3 April 2015 | Volume 6 | Article 405
Fritz et al. Distorted time perception
TABLE 1 | Mean and standard deviation of absolute time estimation errors (log-transformed and non-transformed) for experimental and control groups.
Experimental group Log-transformed absolute estimation error Absolute estimation error in s
Duration of stay
Short Long Total Short Long Total
Aware delay 1.41 (0.23) 0.95 (0.51) 1.24 (0.42) 28.50 (16.03) 13.29 (14.40) 22.89 (16.82)
Aware no delay 1.49 (0.24) 1.34 (0.46) 1.42 (0.35) 33.64 (15.97) 34.33 (35.91) 33.95 (26.03)
Not aware delay 1.31 (0.37) 1.85 (0.39) 1.61 (0.46) 24.71 (15.86) 90.00 (56.30) 61.44 (53.95)
Not aware no delay 1.29 (0.28) 1.50 (0.31) 1.38 (0.30) 23.00 (18.59) 37.83 (29.93) 29.36 (24.26)
Overall 1.39 (0.27) 1.43 (0.52) 1.41 (0.40) 28.13 (16.38) 46.59 (47.59) 36.35 (35.06)
test could be performed to detect possible eﬀects of group on
means of estimation error. A Welch test computed on the basis
of the transformed signed estimation error did not yield any sig-
niﬁcant diﬀerences between groups, W(3,32)= 0.690, p = 0.565.
However, the descriptive pattern of group means of estimation
error is shown in Figure 2. The overall mean of estimation error
was M = −12.75, SD = 49.04. A Kruskal–Wallis test did not
yield any diﬀerences on the duration of stay between groups,
χ2 = 1.880, p= 0.598.
No signiﬁcant eﬀect was found of groups on the direction of
estimation error, i.e., overestimation vs. underestimation, χ2(3,
n = 69) = 6.433, p = 0.0922. Furthermore, a Chi-Square test
revealed neither signiﬁcant diﬀerences between gender and direc-
tion of estimation error, χ2(1, n = 69) = 0.122, p = 0.727, nor
between age groups and direction of estimation error (age < 25
vs. age > 24), χ2(1, n = 69) = 0.349, p = 0.555. Additionally,
an ANOVA yielded no eﬀect of perceived waste of time (three
2Bonferroni–Holm corrected alpha level: α’ = 0.0167.
groups) by subjects on log-transformed absolute estimation error,
F(2,66)= 0.454, p= 0.637.
With regard to subjective changes in the perception of time,
we found that groups diﬀered signiﬁcantly on the degree of per-
ceived changes in time sense, χ2(3, n = 70) = 8.674, p = 0.034.
According to ranks, participants of the aware delayed group expe-
rienced the strongest subjective changes in the passage of time,
followed by the aware no delay and not aware delay groups.
Participants in the not aware no delay group reported the lowest
changes in time sense.
Further, a Mann–Whitney U-test showed a signiﬁcant eﬀect
of delay condition (delay or no delay) on the feeling of arousal,
U = 387,500, p= 0.0093, on perceived intoxication, U = 338.500,
p = 0.0134, and a marginal eﬀect on the experience of ‘sink-
ing into the pictures,’ U = 444.500, p = 0.0385. It did not have
an eﬀect on feeling detached from one’s body, U = 468.000,
3Bonferroni–Holm corrected alpha level: α’= 0.0125.
4Bonferroni–Holm corrected alpha level: α’= 0.0167.
5Bonferroni–Holm corrected alpha level: α’= 0.025.
FIGURE 2 | Mean estimation errors for each experimental group; error bars show standard deviation.
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p= 0.071. With regard to the experimental ‘awareness’ condition
(when participants were instructed to stay in the installation for
90 s), no signiﬁcant eﬀects on arousal, U = 492.000, p = 0.219,
perceived intoxication, U = 483.000, p= 0.873, ‘sinking into pic-
tures,’ U = 596.000, p = 0.916, feeling detached from one’s body,
U = 495.500, p = 0.1716, were found. A Kruskal–Wallis test did
not yield any diﬀerences on the duration of stay between groups,
χ2(3, n= 70)= 1.880, p= 0.598.
Discussion
Here, we demonstrate an inﬂuence of temporally manipulated
visual own-body representations on time perception and a num-
ber of other psychological parameters. A delayed video presen-
tation of one’s own body image resulted in a distorted absolute
time percept so that participants perceived durations of stay-
ing in the experimental setup either as much longer or much
shorter than in reality. This shows that a manipulation of body
schema by visual delay strongly corresponds to a modulation
of time percept, which was observed regardless of whether par-
ticipants had been instructed in the experimental paradigm to
stay a certain amount of time (90 s), or to stay as long as they
wanted. Such an association between changes in body schema
and time perception has previously been reported, for exam-
ple in schizophrenic patients who display a “natural” deviation
of body schema compared to healthy controls (Thakkar et al.,
2011). Furthermore, time perception is aﬀected in individuals
whose body schema was modulated by means of meditation
(Berkovich-Ohana et al., 2013). Time perception is also dif-
ferent after the consumption of drugs, which often also leads
to changes in body schema (Edelmann and Terbuyken, 2002;
Atakan et al., 2012). The results of the current study are thus
in accord with previous concepts postulating an inﬂuence of
body schema on time perception, but it is the ﬁrst time that
visual delay of one’s own body has been used to manipulate time
perception.
Note that while in the current study wemanipulated the visual
representation of the own body (thus an aspect of body schema),
we more speciﬁcally also presented several visual representa-
tions of the own body at diﬀerent time points simultaneously.
This speciﬁc manipulation of body schema was thus also asso-
ciated with feeding in references of the immediate past into
working memory that is known to be crucial to time percep-
tion of durations in a seconds to minutes range (Buhusi and
Meck, 2005; Allman et al., 2014). We argue that this has a par-
allel in the acoustic domain, where references to the immediate
past through auditory-motor associations and operant condi-
tioning play a major role in musical improvisations. Here a
density of referential stimulation—diﬀerent to the current visual
experiment—would not be mediated by simultaneity (of several
video signals), but by the mostly repetitive organization of music.
Note, however, that no working memory related information
was being ‘actively’ manipulated in the task, i.e., participants
were for example not required to remember how their body
6Bonferroni–Holm corrected alpha level: α’ = 0.0125.
position was a few seconds ago, so the proposed link to work-
ing memory discussed here has yet to be considered rather
weak.
Furthermore, the manipulation of own-body representations
led to a number of other psychological outcomes that had pre-
viously been evoked with musical interventions (Rickard, 2004)
or by drug administration (Parrott et al., 2007). Participants
who were presented with their delayed body representations
reported signiﬁcantly higher perceived intoxication and arousal.
These eﬀects were (similarly to the observed eﬀects on time
perception) independent from participants being instructed to
stay a certain amount of time (90 s), or stay as long as they
wanted.
Additionally, the current study replicated the ﬁndings of pre-
vious research on human timing in the seconds to minutes range,
which showed a general tendency to overestimate time in the
seconds to minutes range (Wittmann et al., 2010). This ten-
dency was found in all experimental conditions in the current
experiment.
A limit of the current investigation is that eﬀects of the
time delays utilized are not systematically investigated. We just
compared delay on/oﬀ. For future studies it would, for exam-
ple, be interesting to identify which time delays work best for
corrupting the perception of time. Further, we did not inves-
tigate if a general eﬀect of non-delayed body representations
compared to no visual feedback of one’s body exists, another
question that might be addressed in future studies. Previous
research showed that attention can modulate perception of time
(Brown, 1985). Accordingly, it is possible that attentional pro-
cesses masked or contributed to eﬀects by modulation of body
schema on time perception, as we did not control for attentional
load in this study. However, it seems rather unlikely that atten-
tion diﬀered substantially between delay vs. non-delay groups
because besides eﬀects of group on time estimates, we also found
eﬀects of delay condition on outcomes completely unrelated to
attentional processes, such as arousal or perceived intoxication.
Previous research also reported a greater variability in time esti-
mation tasks in individuals with an altered body schema, i.e.,
schizophrenic patients (Bolbecker et al., 2014). Due to the fact
that we did only employ an in-between study design, we could not
test for this directly in the current study. Nonetheless, descriptive
diﬀerences in standard deviation between experimental groups
may point to an eﬀect of manipulation of body schema on
time estimation performance variability. It would be interest-
ing to focus more on this correlation of time perception and
body schema in future work. In addition, it would be interesting
to test the eﬀects of delayed video representations over diﬀer-
ent durations in future studies, given that in the current study
we only tested target durations of 90 s in the time awareness
conditions.
In conclusion, we here report a novel method to modify the
perception of time by modifying body schema through delayed
video representations of the own body. In addition to eﬀects
on time perception, we furthermore report eﬀects on perceived
arousal and intoxication. We discuss possible parallels to the
functioning of music in the acoustic domain with respect to
presenting references to the immediate past.
Frontiers in Psychology | www.frontiersin.org 5 April 2015 | Volume 6 | Article 405
Fritz et al. Distorted time perception
Acknowledgments
This investigation has been made possible by a grant from
the Schering Stiftung to TF, mediated by Jochen Bruening
from the Helmholtz Center for Cultural Techniques in Berlin
Germany, and support from the Institute for Psychoacoustics
and Electronic Music (IPEM) in Ghent, Belgium. We thank the
Hygiene Museum Dresden for providing space for the experi-
mental setup as part of the science and arts exhibition “Action
Experience Spaces,” and Dirk Gummel for his continuing help
in developing further the functionality of the Kaleidoscope of
Time.
References
Allman, M. J., Teki, S., Griﬃths, T. D., and Meck, W. H. (2014). Properties
of the internal clock: ﬁrst- and second-order principles of subjective
time. Annu. Rev. Psychol. 65, 743–71. doi: 10.1146/annurev-psych-010213-
115117
Atakan, Z., Morrison, P. G., Bossong, M., Martin-Santos, R., and Crippa, J. A.
(2012). The eﬀect of cannabis on perception of time: a critical review. Curr.
Pharm. Des. 18, 4915–4922. doi: 10.2174/138161212802884852
Barkley, R. A., Edwards, G., Laneri, M., Fletcher, K., and Metevia, L. (2001a).
Executive functioning, temporal discounting, and sense of time in ado-
lescents with attention deﬁcit hyperactivity disorder (ADHD) and opposi-
tional deﬁant disorder (ODD). J. Abnorm. Child Psych. 26, 541–556. doi:
10.1023/A:1012233310098
Barkley, R. A., Murphy, K. R., and Bush, T. (2001b). Time perception and
reproduction in young adults with attention deﬁcit hyperactivity disorder.
Neuropsychology 15, 351–360. doi: 10.1037//0894-4105.15.3.351
Bauermeister, J. J., Barkley, R. A., Martínez, J. V., Cumba, E., Ramírez, R. R.,
Reina, G., et al. (2005). Time estimation and performance on reproduc-
tion tasks in subtypes of children with attention deﬁcit hyperactivity disor-
der. J. Clin. Child Adolesc. Psychol. 34, 151–162. doi: 10.1207/s15374424jccp
3401_14
Berkovich-Ohana, A., Dor-Ziderman, Y., Glicksohn, J., and Goldstein, A. (2013).
Alterations in the sense of time, space, and body in the mindfulness-trained
brain: a neurophenomenologically-guided MEG study. Front. Psychol. 4:912.
doi: 10.3389/fpsyg.2013.00912
Berlucchi, G., and Aglioti, S. (1997). The body in the brain: neural bases
of corporeal awareness. Trends Neurosci. 20, 560–564. doi: 10.1016/S0166-
2236(97)01136-1133
Bernardi, N. F., Marino, B. F., Maravita, A., Castelnuovo, G., Tebano, R.,
and Bricolo, E. (2013). Grasping in wonderland: altering the visual size of
the body recalibrates the body schema. Exp. Brain Res. 226, 585–594. doi:
10.1007/s00221-013-3467-3467
Bolbecker, A. R., Westfall, D. R., Howell, J. M., Lackner, R. J., Carroll, C. A.,
O’Donnell, B. F., et al. (2014). Increased timing variability in schizophre-
nia and bipolar disorder. PLoS ONE 9:e97964. doi: 10.1371/journal.pone.
0097964
Brown, S. W. (1985). Time perception and attention: the eﬀects of prospective ver-
sus retrospective paradigms and task demands on perceived duration. Percept.
Psychophys. 38, 115–124. doi: 10.3758/BF03198848
Buhusi, C. V., and Meck, W. H. (2005). What makes us tick? Functional and
neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755–765. doi:
10.1038/nrn1764
Edelmann, B., and Terbuyken, G. (2002). “Drogenkonsum als modiﬁkation des
körpererlebens,” in Wahrnehmen – Bewegen – Verändern: Beiträge zur Theorie
und Praxis sport-, kórper- und Bewegungsorientierter Sozialer Arbeit, eds G. A.
Pilz and H. Böhmer (Hannover: Blumhardt), 159–193.
Glicksohn, J., and Hadad, Y. (2012). Sex diﬀerences in time production revisited.
J. Individ. Diﬀer. 33, 35–42. doi: 10.1027/1614-0001/a000059
Holmes, N. P., and Spence, C. (2004). The body schema andmultisensory represen-
tation(s) of peripersonal space. Cogn. Process. 5, 94–105. doi: 10.1007/s10339-
004-0013-3
Holmes, N. P., and Spence, C. (2006). “Beyond the body schema: visual, prosthetic,
and technological contributions to bodily perception and awareness,” inHuman
Body Perception from the Inside Out, eds G. T. Knoblich, M. M. Grosjean, and
M. Shiﬀrar (Oxford: Oxford University Press), 15–62.
Holmes, N. P., and Spence, C. (2007). Dissociating body image and body schema
with rubber hands. Behav. Brain Sci. 30, 211. doi: 10.1017/S0140525X07001501
Jackson, S. A., and Csikszentmihaly, M. (1999). Flow in Sports: The Keys to Optimal
Experiences and Performances. Champaign, IL: Human Kinetics.
Kerns, K. A., McInerney, R. J., and Wilde, N. J. (2001). Time reproduction,
working memory, and behavioral inhibition in children with ADHD. Child
Neuropsychol. 7, 21–31. doi: 10.1076/chin.7.1.21.3149
Lenggenhager, B., Tadi, T., Metzinger, T., and Blanke, O. (2007). Video ergo
sum: manipulating bodily self-consciousness. Science 317, 1096–1099. doi:
10.1126/science.1143439
O’Brien, E. H., Anastasio, P. A., and Bushman, B. J. (2011). Time crawls when
you’re not having fun: feeling entitled makes dull tasks drag on. Pers. Soc.
Psychol. Bull. 37, 1287–1296. doi: 10.1177/0146167211408922
Parrott, A. C., Milani, R. M., Gouzoulis-Mayfrank, E., and Daumann, J. (2007).
Cannabis and Ecstasy/MDMA (3,4-methylenedioxymethamphetamine): an
analysis of their neuropsychobiological interactions in recreational users.
J. Neural Transm. 114, 959–968. doi: 10.1007/s00702-007-0715-717
Pastor, M. A., Artieda, J., Jahanshahi, M., and Obeso, J. A. (1992). Time estimation
and reproduction is abnormal in Parkinson’s disease. Brain 115, 211–225. doi:
10.1093/brain/115.1.211
Pekala, R. J., Steinberg, J., and Kumar, V. K. (1986). Measurement of phenomologi-
cal experience: phenomenology of consciousness inventory. Percept. Mot. Skills
63, 983–989. doi: 10.2466/pms.1986.63.2.983
Perbal, S., Droit-Volet, S., Isingrini, M., and Pouthas, V. (2002). Relationships
between age-related changes in time estimation and age-related changes in pro-
cessing speed, attention, and memory. Aging Neuropsychol. Cogn. 9, 201–216.
doi: 10.1076/anec.9.3.201.9609
Peterburs, J., Nitsch, A. M., Miltner, W. H. R., and Straube, T. (2013). Impaired
representation of time in schizophrenia is linked to positive symptoms and
cognitive demand. PLoS ONE 8:e67615. doi: 10.1371/journal.pone.0067615
Rammsayer, T. H. (1997). On the relationship between personality and time esti-
mation. Pers. Indiv. Diﬀer. 23, 739–744. doi: 10.1016/S0191-8869(97)00117-117
Rickard, N. S. (2004). Intense emotional responses to music: a test of
the physiological arousal hypothesis. Psychol. Music 32, 371–388. doi:
10.1177/0305735604046096
Sheppard, K. E., and Parﬁtt, G. (2008). Patterning of physiological and aﬀective
responses during a graded exercise test in sedentary men and boys. J. Exerc. Sci.
Fit. 6, 121–129.
Svebak, S., and Murgatroyd, S. (1985). Metamotivational dominance: a mul-
timethod validation of reversal theory constructs. J. Pers. Soc. Psychol. 48,
107–116. doi: 10.1037//0022-3514.48.1.107
Thakkar, K. N., Nichols, H. S., McIntosh, L. G., and Park, S. (2011). Disturbances in
body ownership in schizophrenia: evidence from the rubber hand illusion and
case study of a spontaneous out-of-body experience. PLoS ONE 6:e27089. doi:
10.1371/journal.pone.0027089
Wearden, J. H., and Penton-Voak, I. S. (1995). Feeling the heat: body temperature
and the rate of subjective time, revisited. Q. J. Exp. Psychol. B 48, 129–141. doi:
10.1080/14640749508401443
Wittmann, M. (2013). The inner sense of time: how the brain creates a representa-
tion of duration. Nat. Rev. Neurosci. 14, 217–223. doi: 10.1038/nrn3452
Wittmann,M., Simmons, A. N., Aron, J. L., and Paulus,M. P. (2010). Accumulation
of neural activity in the posterior insula encodes the passage of time.
Neuropsychologia 48, 3110–3120. doi: 10.1016/j.neuropsychologia.2010.06.023
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Copyright © 2015 Fritz, Steixner, Boettger and Villringer. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 6 April 2015 | Volume 6 | Article 405
